RESULTS AND DISCUSSION
Adaptation in primary visual cortex (V1) depends somewhat on firing rate [12, 13] . Therefore, we reasoned that optogenetically silencing V1 could help disentangle inherited dorsal lateral geniculate nucleus (dLGN) adaptation and thalamo-cortical synaptic depression, both of which should be unaltered by silencing, from the locally produced adaptation that should be minimized by silencing.
Photostimulation Effects
For cortical silencing, we used VGAT-ChR2(H134R)-YFP (yellow fluorescent protein) transgenic mice that express light-sensitive channelrhodopsin-2 (ChR2(H134R)) in all GABAergic interneurons [14] . Therefore, we first sought to confirm that photostimulation could modulate neural activity in a similar way to previous work that induced cortical silencing with ChR2 expressed via adeno-associated viruses [15, 16] . As expected from the diverse and reciprocal connections among GABAergic and excitatory neurons [17] , submaximal photostimulation that modulated interneuron activity over a moderate range produced suppression in some cells (Figures 1A and 1B) and activation in others ( Figure 1C ). Suppressed cells were selected for, and higher-intensity photostimulation used in the adaptation protocol was sufficient to silence neural activity during the adaptation period, or nearly so, for all neurons tested ( Figure 1E ). Silencing was observed at all recording depths, similar to the effect of strongly driving parvalbumin-expressing (Pvalb+) interneurons alone [15, 16] .
Silencing V1 Neurons Alters Contrast Adaptation
We minimized cortical adaptation with a novel photostimulation protocol that optogenetically silenced V1 neurons during the presentation of the adapting stimulus, but not during the test stimulus ( Figures 1D and 1E ). Contrast adaptation normally caused the adapted contrast response functions of V1 neurons to shift downward and rightward (Figures 2A, 2C , and 2E, white dots); however, photostimulation during the adapting period markedly dampened these effects and actually increased responses to low contrasts (Figures 2A, 2C , and 2E, blue dots). Regular adapted V1 responses to low contrasts are often unchanged (Figures 2A and 2E ), or occasionally decreased slightly ( Figure 2C ), so this facilitation was surprising. The average of the normalized curves (n = 51) illustrates the consistent changes induced both by adaptation and photostimulation ( Figure 3A) .
Sigmoid fits to each contrast response function are shown as thin curves in Figure 2 (see Supplemental Experimental Procedures), and the R max , c 50 , and M fit parameters were used to quantitatively analyze changes in our sample's contrast response functions induced by adaptation and photostimulation. Decreases in R max indicate lower adapted responses to maximal contrast (response gain control), and increases in c 50 indicate a rightward shift in the curve (contrast gain control) [18] . Increases in M coupled with decreases in R max characterized the lowcontrast facilitation. R max and M parameters were normalized by each neuron's nonadapted response to full contrast gratings to help compare cells with different firing rates. As expected, normal contrast adaptation produced large and significant reductions in R max ( Figure 3D ; mean difference ½X = À0. Figure S1 contains the same data summarized in Figures 3D-3F but plots individual data points as well. These results contrast with earlier work suggesting adaptation was unaffected by pharmacologically silencing V1 [19] , perhaps because the precise temporal control afforded by optogenetics better matches the rapid pace of adaptive changes. Importantly, C57BL/6J mice used as wild-type controls showed normal contrast adaptation but no photostimulation effect ( Figures 3B and 3D-3F ). Together, these results reveal that cortical silencing during the adapting period markedly altered adapted V1 responses that were measured after photostimulation had ceased. The low-contrast facilitation observed following cortical silencing was unexpected, so we performed several control experiments and analyses to test whether it could be a rebound artifact of optogenetic photostimulation. First, for a subset of neurons (n = 25), photostimulation occurred on nonadapted trials for 2 s before the test stimulus was presented (Ctrl.+LED condition in Figure 1D ). Photostimulation suppressed spontaneous firing but did not cause any consistent changes to contrast response functions across the population ( Figure S2 ). Rebound effects may be transient in nature, so we took advantage of the fact that our test gratings were presented for 1 s drifting at 2 Hz and separately analyzed responses to the first and second grating cycles of 0.04 contrast. Facilitation was observed in both time bins, but there was no difference in the level of enhancement between the first and second cycles ( Figure S3A ; p = 0.63). Rebound effects or after-discharges are also not expected to be modulated with the temporal frequency of the stimulus [20] , so we also re-analyzed the contrast response functions of neurons that were at least somewhat phase sensitive (F 1 /F 0 ratio > 0.5), focusing on the F 1 component of the response (see Supplemental Experimental Procedures). The increase in M with photostimulation remained apparent using this analysis ( Figure S3C ). Finally, the lowest contrast tested in our main dataset was 0.04, so it was unclear whether there could be facilitation to 0 contrast as well. We performed additional experiments in Pvalb-IRES-Cre;Ai32 mice that showed similar adaptation and photostimulation effects to our main dataset ( Figure S3D ) and found that cortical silencing during adaptation produced significant facilitation at 0 contrast ( Figure S3E ; X = 0.07; 95% CI [0.04, 0.11]; p = 1.5 3 10 À3 ). Identical photostimulation when not paired with adaptation did not produce facilitation at 0 contrast (Figure S3F ; X = 0.01; 95% CI [À0.04, 0.02]; p = 0.66). Overall, these additional data indicate that the changes induced by photostimulation, particularly the facilitation at low contrasts, reflect genuine adaptation effects unveiled by cortical silencing.
Contrast Adaptation in dLGN
The dLGN provides major feedforward projections to V1 and shows weak adaptation in cats and primates [4, 5] . Therefore, we examined contrast adaptation in the mouse dLGN as a potential source of adaptation that could be passed on to V1. Characterizing adaptation prior to the thalamo-cortical synapse was also important for parsing inherited adaptation from synaptic depression. We used an identical adaptation protocol to mimic the adaptation that would have been inherited from dLGN in the V1 dataset. Data from wild-type (n = 26) and transgenic mice (n = 8) were pooled for conditions without photostimulation. Comparing both the sample dLGN neurons ( Figures  2B, 2D , 2F, and S4A) and the average normalized population curves ( Figure 3C ) to the photostimulated V1 data, there were several obvious similarities. At high contrasts, the attenuation normally observed in V1 following contrast adaptation was more modest for dLGN. Interestingly, dLGN responses to low contrasts were facilitated following adaptation, which was not observed in V1 following regular adaptation but was often induced when photostimulation was paired with adaptation. Like V1, the low-contrast enhancement in dLGN was unlikely to be a rebound effect or after-discharge because it was present for both the first and second grating cycles ( Figure S3B ) and remained strong when F 1 was used to measure response amplitude ( Figure S3C ). We analyzed parameters extracted from sigmoid fits to measure the adaptation effect across the population in dLGN, as we had done for V1. Contrast adaptation significantly increased c 50 ( Figure 3E ). Next, we calculated the percent change between nonadapted and adapted parameters to directly compare the magnitude of adaptation in dLGN and V1 with or without photostimulation. For regular adaptation ( Figure 3G , compare left and middle columns), V1 neurons showed 29% greater decreases in R max (95% CI [22, 36] ; p = 3 3 10
À10
) and 12% greater increases in c 50 (95% CI [6, 19] ; p = 2 3 10 À3 ) than dLGN neurons. This corroborates earlier findings in cats that adaptation in dLGN was weaker than that observed in cortex [4, 21] . Contrast adaptation elevated M by 12% more in dLGN than in V1 (95% CI [8, 16] ; p = 1 3 10
À7
), which is a novel effect not reported in other studies. The magnitude of adaptation in V1 following cortical silencing was more similar to that observed in dLGN ( Figure 3G , compare middle and right columns), with no evidence of a difference for changes in c 50 (X = 6; 95% CI [À1, 12]; p = 0.1) or M (X = À1; 95% CI [À7, 4]; p = 0.7) but a 16% larger decrease in R max (95% CI [9, 22] ; p = 1.5 3 10 À4 ).
Optogenetic modulation of V1 has altered cortico-thalamic feedback in some studies [22] , but not others [15, 16] . To determine whether silencing V1 neurons during the adaptation period could affect adaptation in dLGN (and subsequently the feedforward signal sent to V1), we interleaved photostimulation of V1 with our adaptation stimuli while recording in dLGN. V1 photostimulation did not change dLGN activity significantly ( Figures S4B-S4D ). Subsequently, V1 photostimulation also had no consistent effects on the adaptation exhibited by dLGN neurons (Figures S4E-S4G ). Taken together, these results
Figure 2. Examples of Contrast Adaptation in V1 and dLGN
Contrast response functions for three sample V1 neurons (A, C, and E, circles) and three sample dLGN neurons (B, D, and F, triangles), with contrast on the abscissa and mean response rate on the ordinate. Non-adapted control, adapt, and adapt+LED conditions are shown as black symbols, empty symbols, and blue dots, respectively. Error bars represent SEM, and thin lines represent best fits to a sigmoid function (see Supplemental Experimental Procedures).
indicate contrast adaptation is present in dLGN, likely has a precortical origin rather than being induced by feedback, and has features strikingly similar to the adaptation observed in V1 with cortical silencing.
Divisive Scaling Describes the Difference between dLGN and V1
Adaptation normally caused low-contrast facilitation in dLGN, but not V1, which suggests V1 cancels out this facilitation with either divisive scaling or a subtractive shift of the inherited dLGN signal. Therefore, we first created simple divisive and subtractive models that started with the equalized dLGN input ( Figure 4A , green triangles) and attempted to fit the average normalized V1 data (see Supplemental Experimental Procedures). For regular V1 adaptation (empty circles), the divisive model fit much better (r 2 = 0.99; Figure 4B , magenta line) than the subtractive model (r 2 = 0.38; Figure 4C , gold line). Adapted V1 responses following photostimulation ( Figure 4D , blue dots) matched the inherited dLGN input fairly closely, so the models were barely distinguishable for these data (divisive model: r 2 = 0.99, magenta line; subtractive model: r 2 = 0.97, line not shown).
Next, for individual V1 neurons, we compared how well divisively scaled or subtractively shifted versions of the ''adapt+LED'' curve could fit the regular adapted data. Across the population, divisive scaling produced better fits in 70% of cells, and this difference was significant ( Figure 4E ; p = 5 3 10 À4 ).
Multiple Sources of Adaptation
Our findings refine and extend multi-source models of adaptation. In previous studies, adaptation that could potentially be inherited from antecedent areas has either been measured directly [8, 23, 24] or estimated based on known differences between stages in spatial scale [7] or spatiotemporal tuning [25] . By measuring the thalamic input, and also using optogenetics to essentially ''pause'' adaptation in V1, we definitively parsed inherited and locally generated adaptation from other processes. The small difference between the adapted dLGN input and the photostimulated V1 curve in Figure 4D may reflect a gain change at the thalamo-cortical synapse induced by synaptic depression [9] or perhaps the divisive effect of distal projections that were outside the reach of our photostimulation [26] . However small their contributions, further work should be done to identify these additional adaptation sources. The largest contributor to V1 adaptation was the activitydependent divisive scaling that was minimized by cortical silencing. Several potential cellular or circuit mechanisms could implement this divisive gain control in V1 [27] . Intracellular recordings in cats and ferrets indicate that contrast adaptation produces a slow after-hyperpolarization mediated by a Na + -dependent K + current [4, 28, 29] . If this intrinsic adaptive mechanism exists in mouse V1, optogenetic silencing likely retarded its activation by decreasing Na + influx through voltage-gated channels during the adaptation period. At the circuit level, optogenetically stimulating Pvalb+ interneurons induces divisive scaling of V1 orientation tuning and contrast response functions [30, 31] , as does activation of layer 6 excitatory neurons [22] , but it remains to be determined whether these scaling effects carry forward in time beyond the photostimulation period to contribute to adaptation. Two-photon calcium imaging in cat V1 also suggests a potential role for Pvalb+ cells in adaptation [32] . Synaptic depression of local recurrent excitatory connections is another potential mechanism of V1 adaptation that would also be reduced by cortical silencing [33, 34] .
Low-contrast facilitation following contrast adaptation has not been reported for dLGN neurons of cats and primates [4, 5] . Thus, the low-contrast facilitation that served here as a distinctive signature of dLGN adaptation may be particular to mice but more likely resulted from the shorter but higher contrast adapting stimuli we used. The relatively brief yet robust firing produced is consistent with in vitro conditions associated with synaptic enhancement [35] . Synaptic enhancement at one stage combined with depression to higher frequency firing at another could generate the observed pattern of dLGN adaptation; however, further work is required to test this possibility. Furthermore, the disappearance of low-contrast facilitation in V1 illustrates a counterintuitive concept not explicitly considered previously: one stage of processing can undo adaptive changes produced by previous stages. What could be the advantage of this? Under the premise that adaptation serves a useful role in information processing [6] , this low-contrast facilitation in dLGN may be beneficial in preserving effective thalamo-cortical drive for low to medium contrasts even when V1 is under the influence of strong divisive scaling. If facilitation is indeed more pronounced with brief adaptation periods, this preservation of low-contrast information is consistent with the psychophysical observation that shorter adaptation times yield smaller elevations in the contrast detection threshold [1] .
Conclusions
Adaptation is ubiquitous, occurring in multiple sensory modalities and brain regions along the sensory pathways [36] . Thus, to understand the neural basis for perception, it is not only necessary to understand how receptive fields change from one stage of processing to the next but also how adaptation cascades along these stages to alter neural response properties depending on the temporal context. This work, plus recent findings in somatosensory cortex [37] , demonstrates the utility of optogenetic tools for interrogating these dynamic context-dependent signals. ) for divisively scaled (abscissa) or subtractively shifted (ordinate) versions of the ''adapt+LED'' curve fitted to regular adapt data. Solid line denotes equality.
